a hole in the middle of lateral bars for bilateral attachment to the APS, as well as a groove on the anterior part of the right bar for fitting the attachment of the gamma angle. We have used combined stereotactic magnetic resonance imaging and computerized tomography scanning in all patients. No other imaging modalities were used in cases involving meningioma and VS; however, stereotactic digital angiography was undertaken to assess vascular lesions, and metabolic data obtained by conducting stereotactic positron emission tomography was used in selected cases. 11, 12 The dosimetry plan was created using Leksell GammaPlan (release 5.X), in which the wizard function was used and completed manually in most cases. Multiple isocenters or shots were required to optimize the conformity and selectivity of the radiosurgical treatment. The GK-C-based radiosurgical treatment can be performed either with the aid of APS or in manual mode by using trunnions such as those in previous models of the GK. The APS can be used in combination with the manual administration of some shots in the same patient (mixed mode). The goal of planning was always to use the APS, except when there was a period of known technical failure and when it was unavailable. In addition to technical failure, however, the APS could not be used, although available, in the following three instances (these represent the limitations of the APS): 1) when GammaPlan anticipated (and further test runs confirmed) collisions in the helmet; 2) when there was insufficient space between the patient's shoulders and the APS; and 3) when coordinate(s) of the target(s) were too extreme to be reached using the APS. In only these cases were treatments then converted to the mixed mode or trunnion mode. Once the radiosurgical plan is finalized, it is exported to the control console computer and checked by the physicist. The patient is then placed comfortably on the couch in the GK-C unit, the frame is attached to the APS (in the determined docking position), and a position and collision test run is performed by the physicist and one physician of the team. The APS-based treatment allows the administration of a series of multiple shots (called a run) in a sequential automated session, without any member of the team entering the room. The coordinates of each shot are set by the robotic functions of the APS while the patient is "defocused" from the radiation unit. Thus, it is assumed that GammaPlan should plan one run for all shots performed with the same helmet of collimators and with the same gamma angle (that is, in the same docking position), provided that the distance between two shots is not too long. When shots are performed in trunnion mode, the left and right components of the APS must be removed and replaced by the same trunnions bars used in older models of the GK. When irradiation is completed, the stereotactic frame is removed and the patient leaves the unit.
Clinical and treatment data were prospectively collected in all patients. When relevant, the data obtained in cases of meningioma and VS were compared using commercially available statistical software (version 3.02; GraphPad Prism, San Diego, CA).
RESULTS
A total of 682 lesions were treated successfully in 532 treatment sessions (some patients underwent multiple GKS sessions, whereas others with multiple lesions sometimes underwent treatment in one session). The treatment indications are presented in Fig. 1 . Meningiomas (97 lesions) and VS (101 lesions) represent 18 and 19% of the treatment-related indications, respectively.
Characteristics of Meningioma and VS
Meningiomas. There were 97 treatments for meningiomas (110 lesions [nine patients with multiple lesions, treated in one session]). Three additional patients with meningiomas were scheduled for GKS, but the treatment was aborted after frame placement and image acquisition. In two of these patients multilocular extension had developed which was considered incompatible with radiosurgery. Treatment of the third patient was postponed because of APS-related failure during the test run; it was considered that treatment could not be optimally performed using trunnions.
Forty-seven patients with meningiomas underwent GKS as their first treatment: 34 postoperative residual tumors, 15 recurrent lesions, and one that could not be removed surgically. Seventy percent of the lesions were located at the skull base (supra-or infratentorial), and 26% were located at the convexity (cerebral or cerebellar hemispheres). The mean TV was 5.07 cm 3 (range 0.13-19.8 cm .
Evaluation of the APS-Equipped GK-C
In the entire series, the mean number of isocenters or M. Levivier, et al. shots used to treat a lesion was 9.5 (range 1-36). Because the GK-C can be used with helmets of collimators of four different sizes, a lesion can be treated using a single helmet or the combination of two, three, or four helmets. Overall, the mean number of helmets used per lesion was 1.2. In 77.6% of the cases, all isocenters for the treatment of a single lesion were performed using only one helmet of collimators; two helmets were used in 21.3%, and we rarely used three (0.9%) or four different helmets (0.3%) to treat a single lesion. Regardless of the number of helmets, the frequency of use of the four different helmets with respect of the size of their collimators was: 4-mm collimators (46.7%), 8-mm collimators (37.6%), 14-mm collimators (10.1%), and 18-mm collimators (5.6%).
The data varied, however, when comparing meningioma and VS. The number of isocenters used to treat a lesion was higher in cases of meningioma (mean 18.1, range 1-36) than VS (mean 12.8, range 1-27) (unpaired t-test, p Ͻ 0.0001). The lesions were treated using a single helmet of collimators in 55.5% of meningioma compared with 74.3% of the VS; there was a significant difference between single and multiple helmet use in meningioma and VS (Table 1 ; Fisher exact test, p = 0.006). Additionally, we used larger collimators to treat meningioma than VS (Table 2 ; chi-square test for independence = 33.22, 3 df, p Ͻ 0.0001).
For the 532 sessions, treatment was successfully completed using the APS only in 79%, APS and trunnnions (mixed mode) in 7%, and trunnion only in 14%. Thus, to some extent, use of the APS alone was not possible in 21% of the treatments. In the non-APS group, its use was not possible because of technical failure and its unavailability in 35%; in the other cases, the APS could not be used, although it was available, because of its limitations (collisions in the helmet in 37.5%, incompatibility with the patient's shoulders in 10%, and coordinates outside of the APS range in 52.5% of cases).
Again, these data varied between the two lesions. Indeed, it was possible to treat VS entirely with APS only in 90%, compared with 76% in meningioma (Fisher exact test, p = 0.009). The reasons for using trunnions despite APS availability, also differed between lesions (Table 3) . It is worth noting that some of these limitations have been solved, at least for the treatment of meningioma and VS, with the upgrade of the APS. Indeed, with the new APS, we did not encounter any more limitations due to the patients' shoulders.
Radiation Conformity
The conformity of the radiosurgical planning dose was evaluated using the ratio between the PIV and the TV. 18 To assess further the TV that is actually covered by the PIV, we also recorded TV PIV , 14 and we calculated a conformity index by dividing these two values (conformity index = [PIV/TV ratio]/TV PIV ). In meningiomas, the mean PIV/TV ratio was 1.59 (range 1.11-6.62) and the mean TV PIV was 98% (range 80-100%); the mean calculated conformity index was 1.63 (range 1.15-6.62). In VS, the mean ratio was 1.28 (range 1.10-2.13), and the mean TV PIV was 99% (range 92-100%); the mean calculated conformity index was 1.30 (range 1.11-2.13). We found statistically significant differences for the conformity of treatment between meningioma and VS (unpaired t-test, p Ͻ 0.0001, Ͻ 0.001, and Ͻ 0.0001, for the ratio, TV PIV , and conformity index, respectively).
DISCUSSION
The GK-C represents the latest development in GKS. One of its major features is the sophisticated computerbased control of treatment parameters and process; an additional feature is robotics for the automatic positioning of the target in the irradiation unit. Indeed, the previous prototypes and models used the mechanical human-based setting of the stereotactic coordinates of each isocenter, according to the arc and target-centered principles developed by Leksell. 13 Thus, the GK-C should allow the user to organize more sophisticated treatment plans by using an increased number of smaller shots, and to deliver the stereotactic irradiation more efficiently and with less human intervention. The world-wide clinical experience with the GK-C is still limited, although treatment parameters have changed at those centers at which earlier models of the GK were replaced by the GK-C equipped with APS. 6, 16 Although it is beyond the scope of this study to perform a metaanalysis, one characteristic found in our series is the use of a higher number of shots and smallersized collimators compared with those required with previous versions of the GK.
The data varied, however, based on the treatment-related indications, reflecting different parameters related to
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Leksell gamma knife for meningioma and schwannoma 3 the location, volume, and the shape of the target volume. This is exemplified by the comparison between the treatment parameters required for meningioma and VS. In contrast to VS, meningioma usually presents with larger volumes, more complex shapes, or more difficult and variable anatomical locations, requiring more complex treatment planning. Additionally, it is assumed that a higher number of shots of smaller collimator size should lead to better conformity and specificity of targeting. Although various indices may be used to evaluate the conformity of a radiosurgical plan, 6 we found significant differences between meningioma and VS when using different measures of conformity. This may be due to complex interactions between the quality of the treatment plan and the intrinsic characteristics of the lesion. As is the case in open surgery, one cannot evaluate the human strategies and decisions that may bias the radiosurgical approach to meningioma compared with VS. For example, many GKS-treated meningiomas are skull base lesions for which some area of voluntary overtreatment in nonfunctional tissue (the bone of the skull base, for example) may be harmless, although the conformity of treatment of those lesions looks poorer. In specific indications, such as VS, it may be easier to simulate accurately and compare different treatment strategies performed with the GK-C. 16 Whether this new technology will translate into better clinical outcome is unknown, and our series is too small and the follow-up period too short to allow for an evaluation of this issue.
The assumption in using the GK-C is that the treatment could be performed with APS and a minimum number of runs, limiting human interventions. This implies that the APS is technically functional and that there are no limitations to its use. Even when the APS cannot be used, however, the treatment can be completed manually by using trunnions, as in the previous GK models. Even a mixedmode treatment, combining shots performed with APS and those performed with trunnions, may be planned if all isocenters are not treatable using the APS. Altogether, we found limitations with APS in 21% of the cases, due to technical failure (that is, the APS was not working properly and could not be used at all) in more than one third of these cases. The robustness of the system, however, greatly improved over time. Indeed, most of the technical failures occurred with the old APS, and since the installation of the new one, its technical failure has been infrequent. The other occasions when we could not use the APS (although it was technically functional) represent the limitations intrinsic to the system (collisions in the helmet, insufficient space between the patient's shoulders and APS, and coordinates too extreme to be reached with APS). These limitations are indication dependent, and they vary according to the characteristics of the treated lesions. This is illustrated by the greater degree of difficulty when using the APS only to treat meningioma (trunnions were required in 24% of the treatments) compared with VS (trunnions used only in 10% of treatments). The possibility of successfully using the APS only increased over time, especially after installation of the new APS. This is certainly due to both the learning curve (mostly optimization of frame placement, and better handling of the APS) and the increased robustness/design refinement of the system. This latter issue is exemplified by the fact that the distance between patient's shoulders is no longer limited by the new APS.
Motorized positioning of the target at the isocenter saves time compared with earlier models of the GK in which the stereotactic coordinates had to be set manually on both sides of the frame. 16 This is even more significant when multiple shots of the same collimators are applied because, for each treatment run, the APS changes the coordinates in a defocus position. During that change of coordinates, the couch and the helmet are only partially withdrawn from the GKS unit, the doors of which remain open, and thereafter the couch moves back into the radiation unit. The time saved by the motorized manipulations is counterbalanced, however, by the tendency to require more shots of smaller size, which increases the total time of irradiation. It has been claimed that the GK-C may be safer in terms of protection from radiation because the shuttle dose is lower. 4, 5, 9 Our ongoing evaluation of the radiocarcinogenic risk, based on phantom and in vivo measurements with GK-C shows, however, that although not apparently a major health problem, it should be kept in mind that increasing the numbers of shots to achieve better conformity also leads to a higher effective dose delivered to the patient. 19 Similarly, Bradford, et al., 1 have reported epilation at the top of the head in two patients with VS after undergoing fractionated GK-C-based radiosurgery. They found that the use of the APS increased the transit dose approximately 5 and 15% for a distance greater than 12 and 20.4 cm, respectively, and concluded that for treatments involving a large number of shots (Ͼ 50), off-target doses greater than 8 Gy were possible.
CONCLUSIONS
The APS-equipped GK-C represents a progressive step in radiosurgery. The majority of patients can be treated with the APS, whose design and robustness have improved over time. The system requires adjustments by the treating team to accommodate its specific limitations, which are compensated for by its increased quality and safety. Its limitations are dependent on the lesion to be treated. This was evidenced by the differences in treatment parameters between meningioma and VS, which represent the two benign tumors most frequently treated with radiosurgery. Automatic positioning systemequipped GKS allows treatment plans involving a higher number of isocenters and better conformity, especially in difficult target volumes. Further clinical experience is needed to determine the effect of the GK-C on improving clinical results.
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